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Figure 1. A Free-Energy Surface for the Folding of a 125-Residue Protein Model
The polypeptide is represented by a string of beads, each one of which can take up positions on a cubic lattice; the native state (left) corresponds to one of the many possible arrangements of the residues in a 5 ϫ 5 ϫ 5 cube, The free energy (right) was obtained from a series of Monte Carlo simulations in which the protein was allowed to sample all conformational space. It is plotted as a function of the number of contacts between residues, Qc and Qs, which are divided into two groups, "core" (shown on the left in red) and "surface" (shown on the left in yellow). The paths (folding trajectories) taken by two representative molecules are indicated. As more native-like contacts are formed, the energy of the system generally decreases. A key feature of folding is that native-like interactions can be formed in many different orders, giving rise to the heterogeneity inherent in the statistical nature of the "new view" mentioned earlier. This is likely to be particularly pronounced for larger proteins, which unlike small proteins might become trapped in partially folded intermediate states that correspond to the local minima (one of which is visible at Qc ϭ 33 and Qs ϭ 0). A discussion of the nature of surfaces of this type is given in Dobson et al., 1998. The figure was kindly provided by Dinner and Karplus and is based on work described in Dinner and Karplus, 1999. structure), stopped flow fluorescence (which reflects the devices that can make measurements of protein folding within 100 s of their initiation by dilution of denaturant burial of tryptophan residues as the hydrophobic core develops), quenched flow hydrogen exchange coupled (Chan et al., 1997; Shastry and Roder, 1998) . These instruments are based on novel rapid mixers (commerwith multidimensional NMR and mass spectrometric methods (which can identify the formation of hydrogen cially available instruments currently have dead times of the order of a few milliseconds). This is an important bonds as structure becomes persistent), and protein engineering methods (which enable the roles of individbreakthrough, not just because it opens the door to fast measurements of folding on virtually any protein (by ual amino acids in folding and stability to be deduced) are now commonplace (reviewed by Plaxco and Dobcontrast with temperature jump methods that are restricted to peptide fragments or proteins that cold denason, 1996). Using these and other methods, schemes of protein folding based on simple models began to ture, and electrochemical methods that require proteins with redox centres), but because it allows the nature of emerge. These generally depicted the evolution of the native state as taking place on a single pathway in which compact structures formed early in folding to be addressed. Using such apparatus, Roder has shown that increasingly native-like structure formed in a stepwise manner, much as envisaged in the original speculations the early events in folding of cytochrome c (Shastry and Roder, 1998) and the B1 domain of protein G (Park et of Levinthal. Commensurate with this, advances in theory and computational methods began to lead to new al., 1997 and unpublished work) involve a specific collapse and formation of a well-defined compact species. approaches to simulating folding at least at a rudimentary level.
Formation of the fully native state then occurs in slower steps on millisecond-second timescales. The general As described by Alan Fersht in the first session of the Juan March meeting, the 1990s have seen enormous importance of these results awaits experiments using other proteins, but it supports the much-heralded conchanges in our conceptual view of the folding problem. The general relevance of partially folded states in directcept that collapse of the polypeptide chain to a compact structure is an important first step in the folding of at ing the search for the native state is no longer clear, and the idea of specific hierarchical pathways is being least some proteins. The importance of partially folded intermediates in challenged (see below). In addition, evidence from both experiments and theoretical methods now shows that facilitating the search for the native state is another hot topic in folding. The debate focuses on whether there is not a single defined route to the native state, as was depicted in the early folding schemes of the intermediates provide access to the folded state or are trapped species that must unfold before the search to 1980s, but the native state can be found by several different passages on the folding route map (reviewed the native state can be continued. Evidence for both schemes abounds: folding simulations and some experiby Dobson et al., 1998) . New views of folding thus involve folding "landscapes" or "funnels" (Bryngelson et al., ments demonstrate that intermediates are unproductive species stabilized by nonnative interactions, while other 1995; Dill and Chan, 1997), terms chosen by physical chemists to depict the folding transition as one involving work suggests that they are obligatory species in the folding process. New work on cytochrome c (using mian enormous number of possible species of decreasing energy, through which a protein searches according to crosecond mixing) (Shastry and Roder, 1998) and apopseudoazurin (a predominantly ␤ sheet protein (disthe laws of statistical mechanics on its way to the native state (Figure 1) . cussed at the meeting by Sheena Radford [Capaldi et al., 1999] ) suggests that intermediates for these proteins Breakthroughs from Experiments The challenge of the changing conceptual basis of prorepresent productive steps in the folding process. As described by Javier Sancho, the ␣/␤ protein, apoflavotein folding has stimulated experimentalists to design innovative approaches that can be used to address the doxin, by contrast, folds through a complex mechanism involving parallel routes to the native state, the major questions that are emerging as a result of the new view of folding in terms of energy landscapes. Key issues route involving a two-state transition to the native state and a minor pathway involving a partially folded intermeinclude the nature of the initial events in folding of a protein from its highly disordered "random coil" state, diate. Multiple pathways also occur during the folding of other proteins such as the lysozymes (Dobson et al., and the structure and dynamics of any compact states that are formed early in the process. The first of these 1998; and see Figure 1 ), suggesting that the folding of larger proteins is more complex than that described for issues was discussed by Bill Eaton at the Juan March meeting. In an elegant series of experiments using laser small, simple proteins and demonstrates, at least for some proteins, that intermediates may be associated temperature jump methods, Eaton has been able to witness folding events from a few nanoseconds of the initiawith routes through the energy landscape that provide access to the native state (Capaldi and Radford, 1998). tion step to the generation of the final fully folded state (see Eaton et al., 1998 for a review). Using synthetic A key issue in defining the mechanism of any chemical process is the characterization of species populated peptides with fluorophores and quenchers placed at strategic locations, Eaton has shown that an ␣ helix can along the reaction coordinate (the unfolded, intermediate, and native states) as well as the "transition state" form within a few nanoseconds or as slowly as a few microseconds, depending on its intrinsic stability, a ␤ for the reaction that defines the nature of the free energy barrier between reactants and products. Populated spehairpin can form in about 10 s and loops in as little as 1 s (Hagen et al., 1996) . The latter places a lower limit cies such as the native and denatured states can be studied at leisure at relatively high resolution using the on the timescale of the initial steps in folding and sets the challenge for experimentalists wishing to extend this capabilities of modern NMR, as described by Stefan Freund and Pascal Garcia in Madrid, and techniques work to study such events in intact proteins.
Both Bill Eaton and Heinrich Roder described new such as real time NMR and stopped and quench flow that the formation of a specific folding nucleus can be an obligate feature of a particular fold, but that an alternative transition state can emerge if drastic changes to the topology are made, even for a closely related sequence. In his talk, Eugene Shakhnovich raised the fascinating question of the interplay between the nature of folding nuclei and evolutionary pressure for proteins to fold rapidly and efficiently (Shakhnovich et al., 1996) . He described procedures, which involve randomly changing the nature of residues in folding simulations, to identify sequences that have the property of folding rapidly (Shakhnovich, 1997) . Such procedures can be thought of as simulating evolution. As we discuss later, the need to avoid aggregation may be an important factor in the development of the character of protein structures. As elegantly stated by Shakhnovich, the folding nucleus can be viewed as an "accelerator pedal" for folding, stabilizing the transition state and reducing the size of (Plaxco and Dobson, 1996) . Transition states repressor protein, however, has a transition state that are more ephemeral species and for a reaction of the is highly native-like and where certain interactions seem complexity of protein folding are conceptually someobligatory for fast folding (this work was described in what different from those characteristic of a simple reacMadrid by Manuel Rico). Interestingly, the Cro repressor tion. The properties of rate-limiting transition states in protein has a lower intrinsic stability of its ␣ helices protein folding can be determined, however, using a relative to those in phage repressor and a unique protein engineering approach. In pioneering work Fersht buried salt bridge in its native state. This suggests that has thus shown that the rate-limiting transition state for long-range interactions between sidechains are needed the small proteinase inhibitor, chymotrypsin inhibitor 2 to stabilize the transition state in the Cro repressor pro-(CI2), is an expanded form of the native state that contein, perhaps more consistent with the behavior of protains a "nucleus" consisting of a handful of key interacteins with complex folds, including those with ␤ sheet tions, but lacks the network of fully formed interactions structures. An important objective now is to extend the that characterizes the native state. Secondary and tertiary repertoire of proteins investigated in this manner such structures then form cooperatively around this nucleus that more general rules about folding might be found, in a mechanism referred to as "nucleation condensabut these results highlight the important point that signiftion" (Fersht, 1997). In an important series of experiicant insights about folding mechanisms can be learned ments involving the spectrin SH3 domain, Serrano has even from simple proteins such as these. now used protein engineering to show that the folding Triumphs of Theory nucleus of the SH3 domain includes a fully formed (naWhile the above studies highlight the rapidly developing tive-like) ␤ hairpin (Martinez et al., 1998) (Figure 2 An outstanding success at protein redesign was reand Ulrich Hartl described their beautiful studies of the role of molecular chaperones in assisting folding in procounted in Madrid by Peter Kim in his studies of coiledkaryotes and eukaryotes in vivo. Bernd Bukau focused coil proteins. These proteins constitute some 3%-5% on the role of the E. coli hsp70 chaperones in assisting of proteins in the human genome and play important cellular folding (reviewed by Bukau and Horwich, 1998). roles in many cellular processes including the control This chaperone family (E. coli has three hsp70 proteins) of transcription and in membrane fusion. As well as is amazingly diverse in its functional activities, playing providing simple models on which to base studies on a role in functions ranging from folding of nascent prothe molecular description of protein folding, these proteins to assistance in the proteolytic degradation of proteins are also vitally important for the health of the cell.
teins . after their synthesis on the ribosome, but then appear with amyloid diseases. Although not known to be associated with any known disease, the SH3 domains formed to unfold later in their lifetime, where they self-associate in an "explosive" reaction to form amyloid fibrils. As such beautifully ordered fibrils that Helen Saibil has been able to generate high-resolution cryo-EM images that described by Phil Hawkins in Madrid, although about sixteen proteins are currently known to be involved in show four protofilaments twisting around each other to form hollow fibrils with a helical repeat (Jimenez et al., different amyloid diseases (which can be sporadic, familial or, as with the prions, infectious) they have very 1999). Further work is needed to push the resolution further so that the location of individual ␤ strands within different native structures (involving ␣-helical or ␤ sheet structure, or both) (Kelly, 1998). Fourier transform infrathe protofilaments can be determined, but the images are already clear enough to permit individual protein red spectroscopy and X-ray fiber diffraction studies indicate that the fibrils formed from each of these proteins molecules to be modeled into the maps (Figure 3) . Dobson also provided evidence that fibrillogenesis is not has a similar overall structure that is mostly ␤ sheet in nature. A key question is how the conformational restricted to a few selected proteins, but could be possible for many or indeed all proteins under the "right" transition between soluble and fibrillar forms occurs. For the prion proteins, the problem is even more complex or, in biological terms, "wrong" conditions (Chiti et al., 1999). Nature thus seems to have performed an excelbecause, as described in Madrid by Fred Cohen and Martin Billeter, models for the origin of infectivity need lent job, not just in designing proteins that can fold successfully to soluble, active structures, but also in to be built onto models for amyloidosis (Cohen and Prusiner, 1998) . Interestingly, it appears that only some controlling the environments within living systems to such a level that the aberrant behavior leading to the of the mutations causing familial diseases destabilize the functional form of the prion protein, as has been formation of amyloid fibrils is limited to just a handful of proteins. Avoidance of aggregation, and particularly found for mutations in other amyloidogenic proteins. Importantly, the recent availability of full-length recomof the intrinsic ability to form highly insoluble amyloid fibrils, might be a crucial driving force behind molecular binant prion protein and its fragments in vitro is now making possible quantitative analysis of prion stability evolution. and folding, assays for aggregation and the origin of strains, and investigations of the molecular basis of in-
Future Directions So what does the future for protein folding hold? It is fectivity.
One of the major frustrations in our quest to underclear that there is still some way to go until the ultimate goal of a complete solution to the folding problem is stand fibrillogenesis at the molecular level is that despite the elapse of more than a century since its discovery, found and the full potential of folding in biology, biotechnology, and medicine can be realized. But this is an the structure of a fibril at atomic resolution remains a mystery. At the Madrid meeting Chris Dobson described exciting and dynamic field in which there is currently enormous momentum and great progress has already some recent strides toward a solution to this crucial question. Through their studies of the SH3 domain from been made. Thus, images of folding energy landscapes from simulations have revolutionized recent concepts PI3 kinase, Dobson and colleagues discovered that the partially denatured form at pH 2 assembled into long of the molecular aspects of folding and have provided new challenges for experimentalists to determine the unbranched fibrils, which resembled those associated
